The main focus of this paper is the analysis of the compressibility effects and the validation of some recent
Introduction
In the recent years, the research in the field of compressible turbulence has received considerable attention. These years marked by an increase of numerical [1] [2] [3] [4] [5] [6] , experimental [7, 8] and modeling works allowed a better understanding of the compressibility phenomena. The reason behind motivation is that the advance in the compressible turbulence area is found to be essential for the development in designing a new generation of the supersonic aircraft and the high speed combustion. Many studies carried out last decade have shown that the compressibility has important effects on turbulence flows. One of the well known of these effects is the reduction of the turbulent kinetic energy redistribution phenomenon. Extensive studies have been conducted especially in the case of the compressible homogeneous shear flow. In this context, the DNS results led by Simone et al. [1] and by Sarkar [6] are selected as basic documents to understand some physical discrepancies of the compressibility effects on homogeneous turbulent shear flows. The analysis of these DNS results suggests that compressibility effects are related to extra-parameters: the turbulent Mach number, M t = (2K) 1/2 / ā, where ā is the mean speed of sound and the gradient Mach number which is and l an integral length scale. The authors [1, 3, 6] have found out a notable decrease of the growth rate of the turbulent kinetic energy when the compressibility increases. According to the DNS results of Vreman et al. [4] , Pantano and Sarkar [5] , Foysi and Sarkar [9] , and the experimental data of Goebel et al. [7] , the compressibility strongly reduces the growth rate of turbulence mixing-layers thickness with increasing convective Mach number, M C , this number is defined by [7] M C = (Ũ1 -Ũ 2 ) / (a 1 + a 2 ). The subscript 1 denotes the value of the upper stream while the subscript 2 denotes the value of the lower stream. So the turbulence modeling is essential for predicting compressibility effects in agreement with numerical and experimental data. According to the DNS results of Sarkar [6] and Simone et al. [1] , the changes of the turbulence structures are principally due to the structural compressibility effects. The authors suggest that this discrepancy is found in the role of the pressure. Thus, at high Mach number, the structural compressibility effects cause reduction of pressure strain correlation which leads to significant changes in turbulence structure as it is observed in the dramatic changes in magnitude of the Reynolds stress anisotropy components [1, 3, 6] . The DNS results [4, 5] and the experiences [7, 8] reached similar conclusions concerning the role of the pressure in the developed compressible plane mixing layers. As a consequence, in several studies [2, 3, 10, 11] , the pressure strain modeling has been considered as an important attractive research in the second order closure for the compressible turbulence flows.
An extension of the SSG [12] and FLT [13] incompressible models on compressible turbulent flows is the major aim of the present work. From this extension, two several models of Adumitroiae et al. [14] , and Hung and Fu [15] are selected to be used making the linear terms of these model [12, 13] in dependence with the turbulent Mach number, M t . The ability of the different proposed compressibility corrections of the SSG and FLT models to predict compressible homogeneous shear flow and compressible mixing layers is examined by considering different initial conditions.
Governing equations
In general, compressible flow is described by the continuity, Navier-Stokes energy and state equations. They can be written as follow for continuity, momentum and energy conservation equations: -continuity equation:
-momentum equation:
-specific internal energy equation:
-state equation:
where e = c ν T, σ ij = -pδ ij + τ ij , and τ ij = 2 µ(u i,j + u j,i ). For compressible turbulent flow, it is well known that the basic equations of the mean quantities used in describing turbulence closure schemes are essentially those using the density weighting technique which is referred to as the Favre averages. One can remarks that the time averaged resulting equations are formally similar to those governed incompressible turbulent flows. Obviously, this technique gives raison to extension of the incompressible turbulent mod-els to study compressible turbulent flows. This is one of the essential advantages provided by the density weighting technique for modeling compressible turbulence. For this study, the Favre averaged continuity, momentum and specific internal energy equations are, respectively, written:
where , ( 
where the symbols P ij , D ij , ϕ ij , ε ij , and V ij represent turbulent production, turbulent diffusion, pressure strain correlation, turbulent dissipation, and the mass flux variation, respectively. 
Compressible turbulence model for the pressure strain
Many DNS and experiment results have been carried out on compressible turbulent flows, most of which show the significant compressibility effects on the pressure-strain correlation via the pressure fields. Such effects induce reduction in the magnitude of the anisotropy of the Reynolds shear stress and increase in the magnitude of the normal stress anisotropy. Consequently, the pressure strain correlation requires a careful modeling in the Reynolds stress turbulence model. With respect to the incompressible case, many compressible models have been developed for the pressure-strain correlation. Hereafter, most of all these models are generated from a simple extension of its incompressible counter-part as in [14] [15] [16] [17] , in general, they perform well in the simulation of important turbulent flows evolving with moderate compressibility.
Model of Adumitroiae et al.
Adumitroiae et al. [14] assumed that incompressible modeling approach of the pressure-strain can be used to develop turbulent models taking into account compressibility effects. Considering a non-zero divergence for the velocity fluctuations called the compressibility continuity constraint and using different models for the pressure dilatation which is proportional to the trace of the pressure-strain, their model for the pressure strain is written:
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where , , , ,
The compressible coefficients d 1 and d 2 are determined from some compressible closures for the pressure-dilatation correlation [14] .
Model of Hung and Fu
The authors [15] introduces a compressible dumping function of turbulent Mach number to modify the incompressible model of the pressure strain correlation, the model reads:
where
Compressibility corrections of the SSG and FLT models
In this section, we consider compressibility extensions of two existing incompressible models: SSG [12] model and FLT [13] model. The reason behind the choice is the high performance level of these models in simulating variety complex flows. The models are presented in the following forms:
The SSG model 
where 
The coefficients model:
, and C 5 are:
These models can be written in the following unified form:
where (ϕ * ij ) 1 is linear in terms of the mean strain and Reynolds stress, use formulation similar to it's given by Launder et al. [18] (LRR).
whereas the non-linear part (ϕ * ij ) 2 is explicitly quadratic in the Reynolds stress and the gradient of velocity. Thus, for the two models [12, 13] 
All correspondent coefficients model are summarized in tab. 1. 
All the model constants are summarized in tab.1.
Regarding the models of Adumitroiae et al. [14] and Hung and Fu [15] , all modified models numerical coefficients as SSG and FLT models are summarized in tab. 2.
Table 2. Coefficients models
where f(M t ) = 0.3M 2 t , and g(M t ) = 0.25exp(-0,05/M 3 t ). The SSGA, SSGH, FLTA, and FLTH are the proposed compressibility corrections of the incompressible models SSG and FLT by using the compressible models of Adumitroiae et al. [14] and Hung and Fu et al. [15] , respectively.
Applications of the models

Simulation of compressible homogeneous shear flow
For compressible homogeneous shear flow, the mean velocity gradient is given by:
where S is the mean shear rate. The Favre averaged basic second order model equations are:
The turbulent Mach number is described by the transport equation [19] :
 is the turbulent production and γ = C p / C ν .
Simulation of compressible mixing layer
The flow is governed by the averaged Navier-Stokes equations associated to those describe the energy, the Reynolds stress and the turbulent dissipation. The simplest of resulting continuity, momentum and energy equation for stationary mixing layers can be written as in [16] :
The Reynolds stress is solution of the follow equation:
The turbulent solenoidal dissipation rate shall be calculated from the classical model equation, namely:
In the aforementioned transport equations, different terms should be modeled, the gradient diffusion hypothesis is used to represent:
-the turbulent heat flux [11] :
-the diffusion term [11] :
Results and discussion
For the turbulent dilatational part of the dissipation and the correlation pressure-dilatation, we chose the models proposed by Speziale and Sarkar [11] , namely:
Homogeneous shear flow
The ability of the proposed model for the pressure-strain correlation to predict of the compressible homogeneous turbulent shear flow will now be considered. The previous averaged transport eqs. bulence using a fourth-order Runge-Kutta numerical scheme. Figures 1-4 show comparison between the predictions obtained by the proposed models referred to SSGA, SSGH, FLTA, and FLTH (tab. 2) and those from the incompressible SSG , FLT models [12, 13] and with the DNS results [1, 6] . All these cases of DNS correspond to different initial conditions listed in tabs. 3 and 4. From all figures, it is clear that the SSG and FLT incompressible models [12, 13] are still unable to predict the dramatic changes in the magnitude of the Reynolds-stress anisotropy that arise from compressibility. All the proposed modifications of the SSG model provide an acceptable performance in reproducing the DNS results for all cases. Figures 1 and 2 show the normalized dissipation ε s / SK for cases: A 1 and A 4 from DNS [6] . The proposed compressibility corrections of SSG and FLT models are in acceptable accordance with the DNS results of Sarkar [6] . It is clearly seen that all of the models appear to be able to predict accurately the trend of the decrease of ε s / SK when M g0 increases since the compressibility effects cause significant reduction in the production from numerical simulation cases A 1 to A 4 . Figure 2 shows the time evolution of the turbulent Mach number. The proposed models yield reasonable acceptable results that are in good qualitative agreement with the DNS results of Simone et al., [1] . The proposed models appear to be able to predict the trend of the M t -increase with increasing the initial value of the gradient Mach number. Figures 5-8 show the non-dimensional time, St, variation of the Reynolds stress anisotropies b 11 , b 22 , and b 12 . From these figures, it is clear that the proposed model appears to be able to predict correctly the significant decrease of the normalized turbulent production term with increasing the gradient Mach number. All the models SSGA, SSGH, FLTA, and FLTH appear to be insensitive to the increase of the stream-wise b 11 , the transverse b 22 .
Reynolds stress anisotropies when the compressibility increases. The SSG [12] and FLT [13] models results are in disagreement with the DNS data especially at high M g in case: B g , this model is still unable to predict the changes in the magnitude of the Reynolds stress anisotropy when the compressibility is higher. Figures 9-12 present the behavior of the pressure strain correlation (P ij ) = ϕ * ij / 2SK. As can be seen in these figures, the proposed models yield acceptable results that are in good qualitative agreement with the DNS data especially at high gradient Mach number. From the previous results, one can see that for cases B 1 [1] and A 1 [6] which correspond to low compressibility, all the models: original and modified versions of SSG and FLT models are nearly similar, the difference between their predictions are smaller. These difference become apparent for the majority turbulence characteristic parameters at high compressibility, the initial values of the turbulent Mach gradient are higher as in cases B 3 [1] and A 4 [6] . It is clear that, one can remarks that the proposed models SSGA and SSGH predictions are more better than those obtained by the FLTA and FLTH models. Thus, the compressibility correction of the SSG model of the pressure strain correlation is found out to be an important issue for amelioration of the performance level in prediction of compressibility effects.
Compressible mixing-layer
From many several researches concerning mixing-layers flows, we argue that the pressure strain correlation is one the mean term contributing to the reduced growth rate and the changes of the Reynolds stress arising from compressibility effects. Modeling turbulent pressure strain correlation occurs mainly at high speed for mixing-layers which are known to be influenced by compressibility effects.
The basic eqs. (25)-(28) on which the second order model for the stationary compressible mixing-layers is based are solved using a finite difference scheme. The grid of computational physical domain which is rectangular box defined by the set of point (x, y) has 6666 × 41 points. The initial profiles for ε s , ρ, and T̃ which are not available in the experience of Goebel and Dutton [7] are generated as the initial profile of the turbulent dissipation is determined from the turbulent viscosity model.
The initial profile of the temperature is obtained from the following similarity:
The state equation of perfect gas is used to determine the initial profile of the density. We have calculated two free streams of a fully developed compressible mixing-layers ( fig. 13 ) which are characterized typically by the convective Mach number and the parameters s = ρ 2 / ρ 1 , and r = U 2 / U 1 , are respectively the density and velocity ratios, the experiment conditions of Goebel and Dutton [7] are listed in tab. 5. The values of the constants models used in the present simulation are:
In all sets of experiments, we choose two cases that correspond to M c = 0.46 and M c = 0.86. The proposed model (SSGA) predictions will be compared with those obtained by the incompressible SSG model and the experiment results of Goebel and Dutton [7] . Figure 14 shows the normalized stream mean velocity U * = (Ũ -Ũ 2 )/(Ũ1 -Ũ2) in relation to the similarity variable y * = (y -y c ) / δ where y is the local cross-stream co-ordinate and y c is the cross-stream co-ordinates corresponding to U * = 0.5. The calculated velocity profiles by the two models SSG and SSG+A are in reasonable agreement with experimental results [7] . Figure 15 shows the effect of compressibility of the changes in the Reynolds stress: the stream-wise turbulence intensity
, y -the transverse turbulence intensity
, and the shear stress
. Examination of these figures indicates that the proposed model predictions of these turbulent quantities are in good agreement with the experimental results [7] for the two values of the convective Mach number. One can see the decrease of the transverse component and the shear stress (R 22 ) max computed values by the proposal model as the convective Mach number increases, the values are in accordance with the experimental results [7] . The proposed model computed (R 11 ) max values of the stream-wise normal stress are not affected by the variation of the convective Mach number as shown in previous experiments [7] . The universally SSG model predictions of these quantities are in disagreement with the experimental data [7] especially in high compressibility M c = 0.86. The SSG model underestimates (R 11 ) max and over predicts (R 12 ) max . 
Conclusions
In this study, an evaluation of the turbulence models for prediction of compressible turbulent flows is made with using the second order closure. The standard Reynolds stress turbulence model with the addition of the pressure-dilatation and compressible dissipation models yields the same results as in the incompressible case, it gives very poor predictions of the changes in the Reynolds stress anisotropy magnitude. The deficiency of this closure is due to the use of the incompressible models of the pressure-strain correlation. A compressibility corrections of the SSG model [12] and FLT [13] model have been proposed to reflect compressibility effects. Application of the models to predict two turbulent compressible flows: homogeneous shear flow and mixing-layers shows satisfactory agreement with available DNS [1, 6] and experimental results [7] . These proposed models appear to be able to predict accurately the structural compressibility effects on homogeneous shear flow as the significant decrease in the magnitude of the Reynolds shear stress and the reduction of the pressures strain components with increasing initial values of the gradient Mach number. Also, the present models, successfully predict the changes in the similarity of the Reynolds intensities arising from compressibility effects on the mixing-layers. Therefore, a priori, the extension of the incompressible non linear SSG and FLT models by using the turbulent Mach number is found out to be important issue in the modeling of the pressure-strain correlation with respect to compressible turbulent flows.
